A new mechanism of vortex intensification by convectively forced vortex Rossby waves was proposed by Montgomery and Kallenbach. As demonstrated by them, the axisymmetrization process is described by vortex Rossby waves that eventually propagate outward before their symmetrization. Montgomery and Kallenbach were able to relate these waves to intensity changes in barotropic hurricane-like vortices. In the present work these ideas are applied to better understand structure change and intensification of hurricanes in a baroclinic setting. The work of Möller and Montgomery, who examined the wave kinematics and wave-mean flow interaction of vortex Rossby waves in a barotropic model, is extended here to three dimensions. The model is based on the asymmetric balance theory of Shapiro and Montgomery. A nonlinear prognostic model is used to examine the effect of convectively generated potential vorticity (PV) disturbances on the evolution of a hurricane-like vortex on an f plane. This investigation generalizes that of Montgomery and Enagonio, who studied tropical cyclogenesis using a quasigeostrophic balance model, to a larger Rossby number. Convection is represented to the extent that the prescribed initial PV anomalies could be convectively forced. As in this formulation gravity waves are excluded, the dynamics of vortex Rossby waves and their interaction with the mean vortex and each other can be focused upon.
Introduction
Satellite observations indicate that episodic bursts of cumulus convection near the center of the incipient tropical vortex typically accompany tropical cyclone genesis. Spiraling bands of convection observed in the radar reflectivity field accompany the convective flare-ups. These observations suggest that the process of tropical cyclone formation is not axisymmetric, but rather an asymmetric one. When a tropical cyclone intensifies to full strength, it generally acquires a higher degree of circular symmetry than in the formation stage. Yet, asymmetries of atmospheric or oceanic origin near the tropical cyclone eyewall region or environment are often observed to accompany rapid intensification and weakening events (e.g., Black et al. 1986 ). While some of these features may be incidental to tropical cyclone intensity change, others (such as sea surface temperature and upper-level troughs) are thought to be crucial. No consensus has yet been reached as to whether ''internal'' or ''external'' dynamics is key to subsequent development. But there is general agreement that a more complete understanding of asymmetric dynamics is required in order to more reliably predict tropical cyclone formation and intensity change. Montgomery and Kallenbach (1997, henceforth MK) proposed a mechanism for hurricane intensity and structure change via vortex axisymmetrization of convectively generated asymmetric vorticity near the radius of maximum tangential wind of the basic-state vortex. Although ''axisymmetrization'' has become known to be a universal process of vortex dynamics for monotonicmonopolar vortices (Melander et al. 1987; McCalpin 1987; Carr and Williams 1989; Sutyrin 1989; Guinn and Schubert 1993; Holland and Dietachmayer 1993; Ritchie and Holland 1993; Smith and Montgomery 1995) , its significance in hurricane dynamics is now becoming more widely appreciated. As first demonstrated by MK, the axisymmetrization process is described by vortex Rossby waves that eventually propagate outward before their stagnation and symmetrization. Montgomery and Kallenbach (1997) were able to relate these waves to intensity changes in barotropic hurricane-like vortices. Our work extends the work of Möller and Montgomery (1999, henceforth MM) , who examined the wave kinematics and wave-mean flow interaction of vortex Rossby waves in a barotropic shallow water balance model at large Rossby number. We apply these ideas to better understand structure change and intensification of hurricanes in three dimensions by imposing potential vorticity (PV) anomalies on a hurricane-like vortex. The investigation generalizes that of Montgomery and Enagonio (1998, henceforth ME) , who studied tropical cyclogenesis using a quasigeostrophic balance model, to larger Rossby numbers. The present model is based on the asymmetric balance (AB) theory of Shapiro and Montgomery (1993, henceforth SM) . As in SM, our experiments are performed on an f plane, thereby explicitly excluding azimuthal wavenumber one contributions from the beta effect.
For some time now Pfeffer (1958; Challa and Pfeffer 1980 ; and several references in Challa et al. 1998) has suggested that while much of the tropical atmosphere during the hurricane season satifies the well-known necessary conditions for hurricane formation (Gray 1968) , eddy processes in the storm environment are crucial for initiating hurricanes. The role of these eddies is to cause slight departures from gradient and hydrostatic balance on the large scale, which causes a secondary circulation that tries to reestablish balance. When eddy forcing acts favorably, an in-up-out transverse circulation results, supplying the requisite moisture to the core region of the incipient vortex. This theory has been shown to be able to discriminate between developing and nondeveloping disturbances (Challa et al. 1998 ) for several cases, yet the physical mechanism that actually spins up the vortex is not clear to us. Recent work of MK, ME, and MM elucidates a local eddy mechanism that can spin up an incipient vortex via convectively generated vortex Rossby waves. Here we will apply the vortex Rossby wave concept to examine the wave-mean flow intensity and structure change physics at tropical storm strength and higher. In the idealized approach of imposing PV anomalies, we avoid complications inherent in any moist convective parameterization. Convection is represented to the extent that the prescribed imposed initial PV anomalies could be convectively generated. We will show that vortex Rossby waves propagate not only radially but also vertically and will discuss the impact of the vertical propagation on structure and intensity change of hurricane-like vortices. Overall our results will confirm that there exists an alternative means of tropical storm intensification to the symmetric mode.
In section 2 we give an overview of the model used. Section 3 describes relaxation experiments with monochromatic wavenumbers. Section 4 discusses relaxation experiments with single-and double-cluster PV anomalies. Section 5 considers pulsing experiments (as in ME) that are meant to mimic the process of episodic convection. Section 6 summarizes our findings.
Asymmetric balance model
The model is based on the asymmetric balance theory of SM. The nonlinear AB model was previously shown to give quantitatively similar predictions to the primitive equations (MM) in barotropic dynamics. Möller and Jones (1998) successfully applied the theory to a diagnosis of three-dimensional primitive equation model results. By contrast here we use a fully nonlinear threedimensional prognostic approach to examine the effect of convectively generated vorticity disturbances on the evolution of a hurricane-like vortex.
The geopotential tendency equation of the AB theory on an f plane [cf. SM's Eq. (3.10)] is solved prognostically (see appendix). The linear evolution equation for the AB system is augmented to include weak nonlinearities, as proposed by SM (their section 5). The nonlinear terms [SM's Eq. (5.1)] are added to the right-hand side of the geopotential tendency equation. As shown in MM, a simple equation set for the asymmetric slow manifold within a rapidly rotating, inertially (centrifugally) stable, gravitationally subcritical (Froude number Ͻ 1) vortex flow in two dimensions was obtained by evaluating the nonlinear terms (N r and N ; see SM's section 5) in the VOLUME 57
Radius-height distribution of the PV asymmetry amplitude for the tropical storm vortex (a) initially for all wavenumbers, and after 8 h (b) for azimuthal wavenumber 1, (c) for azimuthal wavenumber 2, and (d) for azimuthal wavenumber 3. Contour interval 1 ϫ 10 Ϫ9 s Ϫ3 . Initial amplitude equals 60% of the PV at the RMW. The star in this and all succeeding figures indicates the location of the RMW. radial and tangential equation with the pseudomomenta, ϭ Ϫ[1/(r)]‫ץ‬Ј/‫ץ‬ and ϭ (1/)‫ץ‬Ј/‫ץ‬r (see section uЈ Ј 4 of SM) in place of the perturbation radial wind uЈ and tangential wind Ј, respectively, where Ј denotes the perturbation geopotential, the azimuth, r the radius, ϭ f ϩ the basic-state symmetric absolute vorticity, f the Coriolis parameter, ϭ r Ϫ1 d(r )/dr the basic-state relative vorticity, the tangential wind, and ϭ f ϩ 2 /r, the inertia parameter.
Here we generalize the MM equation set to three dimensions by including the nonlinear term N (see SM's section 5) in the thermodynamic equation [Eq. (3.3) in SM] and the vertical advection terms in N r and N as well as N . Note that for the evaluation of the nonlinear terms only the pseudomomenta and the linear version of wЈ [see SM 's Eq. (3.9) ] are used, whereas the full nonlinear forms (see appendix) are used when evaluating the perturbation velocities themselves. In all of our experiments f ϭ 5 ϫ 10 Ϫ5 s Ϫ1 , except where noted, and the uniform background static stability N 2 ϭ 1.2 ϫ 10 Ϫ4 s Ϫ2 . The vortex profile used for a hurricane-strength vortex is that of the benchmark vortex as described in MK (their Fig. 1 ), which is an initially cyclonic barotropic vortex in gradient balance with a maximum tangential wind max ϭ 36.8 m s Ϫ1 at radius r ϭ 70 km (Fig. 1) . The profile used for a weaker tropical storm strength vortex is initially a cyclonic barotropic vortex in gradient balance with max ϭ 14.6 m s Ϫ1 at 145 km (Fig. 1) . The vortex profiles are obtained by inversion of the basic-state PV of the nondimensional form 1 ϩ ␣ 1 /(1 ϩ ␣ 2 r 2 ϩ ␣ 3 r 3 ), where ␣ 1 ϭ 60, ␣ 2 ϭ 0.2, and ␣ 3 ϭ 1.0 for the benchmark vortex, and ␣ 1 ϭ 8, ␣ 2 ϭ 0, and ␣ 3 ϭ 0.1 for the tropical storm [see Eq. (3.10) of Montgomery and Lu 1997] 
Change of the basic-state tangential velocity, (m s Ϫ1 ), for the hurricane benchmark vortex after 6 h (a) at bottom of the domain (z ϭ 0 km), (b) at top of the domain (z ϭ 10 km), for initialization with azimuthal wavenumber 2 PV asymmetry, where amplitude equals 60% of the PV at the RMW. Fig. 3 but change of the basic-state PV, q (s Ϫ3 ), after 6 h (a) at bottom of the domain (z ϭ 0 km), (b) at top of the domain (z ϭ 10 km).
FIG. 4. As in
the PV monopole is explained in detail in section 3c of Montgomery and Lu (1997) . The vertical height of the domain is H ϭ 10 km and the radial domain extends to r ϭ 6000 km except for the experiments with monochromatic azimuthal wavenumber initialization (section 3), where a domain of 3000 km is used. The vertical grid spacing is 2 km, and the radial grid spacing is 5 km, except for the experiments in section 3 where the vertical grid spacing is 1 km and the radial 2.5 km. Further numerical details are summarized in the appendix.
Relaxation experiments with monochromatic PV anomalies
We begin our study by examining the axisymmetrization process of initially monochromatic asymmetric disturbances on the tropical storm basic-state vortex of Fig. 1 . The choice of monochromatic disturbances isolates the effect of each azimuthal wavenumber, which makes the experiment simpler and easier to understand. The PV disturbance is either an azimuthal wavenumber 1, 2, or 3 structure confined radially between r ϭ 20 and 320 km, and levels below 5 km. The PV disturbance is centered at a radius of 170 km, with radial-height distribution given by ␣ sin 2 [(r Ϫ 20 km)/(300 km)] cos(z/H) [z Յ 5 km], where z is the pseudoheight (Hoskins and Bretherton 1972) and ␣ the amplitude of the disturbance. The disturbance PV is given by the perturbation pseudo-PV 2 2
where the vertical component of pseudovorticity
is derived from the pseudomomenta based on the inertia parameter :
The initial pseudo-PV is inverted to obtain the perturbation geopotential Ј, where zero potential tempera- Fig. 3 but radial-height plot of phase of azimuthal wavenumber 2 PV anomaly after (a) 2, (b) 4, and (c) 6 h. Contour interval is 15Њ; positive contours are solid and negative contours are dotted. The contours in the lower-left portion of (c) are noise due to the very small amplitude of the anomaly in that region. ture perturbations are used as boundary conditions at top and bottom (see appendix for more details). This choice of boundary conditions follows the classic decomposition of the flow into contributions from interior PV and from boundary potential temperature (Hoskins et al. 1985) . While the specification of boundary conditions is not unambiguous and other choices are possible (e.g., Hakim et al. 1996) , the use of zero surface potential temperature anomaly in the present study is based on observations of the tropical cyclone's thermal structure. The potential temperature in a tropical cyclone along the tropopause and sea surface is approximately constant compared to the interior potential temperature anomaly associated with the cyclone's warm core. Nearisothermal boundaries are found in Hawkins and Rubsam (1968) for Hurricane Hilda of 1964 (see discussion of Fig. 9 on their p. 623), in Palmèn and Newton (1969) for Hurricane Helene of 1958 (see their Fig. 15.6 ), as well as in Rotunno and Emanuel (1987) for a model hurricane (see their Figs. 5 and 8).
Montgomery and Kallenbach (1997) ME, and MM showed radial propagation of vortex Rossby waves and examined their impact on the azimuthal mean basic-state vortex. Similar to traditional Rossby waves (Charney and Drazin 1961 ) the propagation of vortex Rossby waves can be vertical as well. A local Wenzel-KramersBrillouin (WKB) analysis similar to that in MK (their section 2f ) can be used to derive the dispersion relation for an unbounded baroclinic disturbance on a stably stratified barotropic vortex in gradient and hydrostatic balance. Analogous to Eq. (8) of MK, solutions of the form
are sought, where A(t) is the time-dependent amplitude, n is the azimuthal wavenumber, m the vertical wavenumber, and k the time-dependent radial wavenumber [k ϭ k 0 Ϫ nt⍀Ј(R)]; ⍀ is the angular velocity of the basic-state vortex, R the reference radius, ⍀Ј the radial derivative of ⍀ at R, Z the reference height, and ⌳(t) the time-dependent phase. Then, for a barotropic basicstate vortex in a constant static stability atmosphere the local dispersion relation, which generalizes the dispersion relation of MK (see their section 3b) and includes the vertical structure of the disturbance, is given by
where is the local wave frequency, and qЈ the radial derivative of the basic-state PV at R. The corresponding vertical group velocity (c gz ϭ ‫)‪m‬ץ/ץ‬ is given by
For low-level PV forcing associated with convective heating we expect the waves to flux their energy upward (c gz Ͼ 0). From (3.4) 
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monopoles, that is, the phase lines spiral cyclonically downward. Thus, upward propagating vortex Rossby waves on a cyclonic monopole tilt ''westward with height'' and produce a ''northward heat transport'' analogous to planetary Rossby waves. The stagnation height for a vertically propagating wave packet, derived analogously to the stagnation radius for radial propagation (MK's section 2f ), is given by
R N
For the initial-value experiments presented in this section the amplitude of the initial PV anomaly equals 60% of q at the radius of maximum wind (RMW). Experiments with linear and nonlinear versions of the model at such amplitudes result in basically the same vertical propagation characteristics for each azimuthal wavenumber, which confirms that the propagation of vortex Rossby waves, radially and vertically, on a PV monopole is essentially a linear process. The results presented here are from the nonlinear diagnostics so that the change of the basic-state quantities can be presented as well. Figure 2 shows vertical cross sections of the azimuthal wavenumber 1, 2, and 3 PV asymmetry amplitudes (|q ⑀ (r, z, t)|, where hat denotes Fourier amplitude) initially and at 8 h. Consistent with the dependence of c gz on the disturbance's spatial structure, for a disturbance not too radially or vertically confined (i.e., k and m not large) the asymmetries propagate farther upward to their vertical stagnation height, z s , the lower the azimuthal wavenumber [Eq. (3.5)]. Inspection of Fig. 2 gives z s ϳ 6 km for wavenumber 2, and z s ϳ 4 km for wavenumber 3. For azimuthal wavenumber 1 z s ϳ 10 km, though the presence of a ''pseudomode'' near the vortex center due to the motion of the basic-state vortex (see MK and MM) may contribute. Gall et al. (1998) note that ''we have no information on the tangential momentum or angular momentum transport by the spirals [small-scale spirals observed in hurricanes], either horizontally or vertically.'' While observations may currently lack the requisite spatio-temporal resolution to thoroughly assess this issue the present work does provide some useful insight in this area. Since vortex Rossby waves propagate upward and transport energy upward as well, they can in principle change the upper-level tangential velocity by transporting momentum from the lower levels into the upper levels of the vortex by eddy fluxes. In order to examine the change of the basic-state vortex induced by the excitation and propagation of vortex Rossby waves we choose an experiment where the model is initialized with the barotropic benchmark hurricane vortex and a superimposed azimuthal wavenumber 2 PV asymmetry, as described above. Qualitatively the results are the same as with the tropical storm, but due to the stronger inertial terms for the benchmark vortex the upward energy transport tends to be stronger and easier to observe. 1 We focus on the wavenumber 2 PV asymmetry as it results in a stronger response than higher wavenumbers due to the larger radial and vertical group velocities (see above) and it is easier to diagnose its wave propagation characteristics in the absence of the pseudomode that would be present with a wavenumber 1 disturbance. Figure 3a shows that after 6 h the azimuthally averaged tangential velocity, , decreases inside and increases and decreases again outside the RMW at lower levels as in the barotropic case (see MK and MM) . By this time the anomaly is axisymmetrized and the change of the basic state has reached its maximum. This result can be explained by diagnostics of waveactivity propagation in the radial direction (Shapiro 2000) . The weak decrease at the center is due to the excitation of interior vortex Rossby waves through the advection of basic-state PV by perturbation radial velocity (see MK and MM). At upper levels, however, ⌬ is much weaker and increases most inside the RMW (Fig. 3b ). These changes in will contribute to an inward tilt of the vortex with height. The corresponding changes in q tend to increase the PV near 130-km radius at lower levels ( Fig. 4a ) and deplete it near this radius and inside the RMW at upper levels (Fig. 4b) . The vertical propagation of the PV disturbance is confirmed in Fig. 5 , which shows the evolution of the phase (⌳). The outward and upward decrease in phase is consistent with the radial wavenumber k Ͼ 0 (trailing spirals) and vertical wavenumber m Ͼ 0, which gives an inward tilt of the phase lines with height. As can be seen in this figure the PV disturbance propagates both radially outward and upward from the initial disturbance. In a stable vortex (qЈ Ͻ 0) this propagation is consistent with both outward (c gr Ͼ 0) and upward (c gz Ͼ 0) energy propagation. Nevertheless horizontal eddy vorticity fluxes are present initially at every level. Thus, the dependence of ⌬ on z may not only be due to vertical propagation but also may be partly a reflection of a vertically dependent horizontal eddy vorticity flux, due to the initial PV anomaly.
Relaxation experiments with localized PV anomalies a. Relaxation on a midlevel vortex
In ME's quasigeostrophic experiments, localized PV anomalies, so-called single clusters or double clusters,
are superimposed near a larger-scale parent vortex. Following ME the vertical structure of the anomaly is given by ␣ cos(z/H), although in the present work the amplitude ␣ varies between 10% and 60% of the initial basic-state PV at the RMW. These amplitudes, which are chosen so as to remain in the quasi-linear regime, result in a weak asymmetric and symmetric response; larger amplitudes are used in section 5. The horizontal structure is that of a double cluster (Figs. 6a-9a r max and r max the RMW. For the experiments in this subsection ␤ ϭ 2.5, and (x c , y c ) ϭ (0.88, 0.88)r max , which corresponds to anomaly centers at r ϭ 180 km and a radial e-folding width 2 of 185 km. ME's upper-level negative PV anomaly was expelled outward whereas the lower-level positive PV anomaly was symmetrized for a wide range of PV anomaly amplitudes. The negative upper-level PV anomalies formed a tripole (Polvani and Carton 1990; Orlandi and van Heijst 1992 ; ME) whose dynamical origin could be partly explained by the existence of discrete neutral (i.e., marginally stable) or unstable vortex Rossby modes (MK, MM). In order to investigate what impact the strength of the PV disturbance has on our basic-state vortex we initialize, similar to ME, with asymmetric PV anomalies (negative at upper levels, positive at lower levels) of different strength and examine the ensuing nonlinear dynamics. In contrast to ME we superimpose only a double-cluster PV anomaly which, unlike a single cluster, does not move the center of the vortex. 3 The parent vortex is a tropical storm as described in section 2, and in order to compare our results with those of ME we take f ϭ 10 Ϫ4 s Ϫ1 in this section. 4 The basic-state vortex employed in this subsection is that of a midlevel vortex, with the maximum tangential wind ( max ϭ 22.0 m s Ϫ1 ) occurring at the middle level [1 ϩ 0.5 sin(z/H)].
5 As an example, Figs. 6-9 show contour plots of the total PV at successive times at the top and bottom of the domain for the different PV anomaly initializations for the midlevel basic state vortex.
For the PV anomaly of 10%, Fig. 6 shows the axisymmetrization of the lower-level positive PV asym-2 The e-folding width is the radial distance between the locations where the amplitude is 1/e of the maximum.
3 Relaxation experiments with a single-cluster anomaly gave qualitatively similar results, and for brevity of presentation only doublecluster anomalies are presented here. 4 The experiment with an initially barotropic vortex and a PV amplitude 60% of the PV at the RMW and f ϭ 5 ϫ 10 Ϫ5 s Ϫ1 gave quantitatively the same result as the experiment with f ϭ 10 Ϫ4 s Ϫ1 . 5 The results for an initially barotropic vortex (not shown) are very similar to the ones with an initially baroclinic vortex. metries and Fig. 7 the upper-level negative PV asymmetries in horizontal cross sections. For both levels the radius at which the outermost vortex Rossby wave packet stagnates, the radial stagnation radius (for more details see MK and MM) is at ϳ300 km. For the same experiment where the PV asymmetry amplitude is 60% of the PV at the RMW, the lower-level contour plot (Fig.  8) gives a very similar result to the experiment with 10% amplitude (Fig. 6) . The upper-level contour plot (Fig. 9) , however, is different from the weaker case (Fig.  7) , as the PV asymmetries move radially outward and form a tripole (Figs. 9e,f) , in part due to the change of sign of the basic-state radial PV gradient (not shown) as in ME.
Independent of the strength of the initial PV anomalies the lower-level positive PV anomalies are always symmetrized into the basic-state vortex (as in ME). On the other hand, depending on the strength of the cluster the upper-level anticyclonic PV anomaly is expelled outward (stronger anomaly) and forms a tripole, as in the cyclogenesis experiments of ME, or is symmetrized (weaker anomaly) while it propagates outward similar to the lower-level positive PV anomaly. Montgomery and Enagonio (1998) made sensitivity tests concerning the magnitude and location of the asymmetries and found that in their experiments the upper-level PV disturbance was never axisymmetrized, in part due to the azimuthal mean radial wave-induced sign change of the PV gradient and the excitation of neutral (marginally stable) or unstable vortex Rossby modes. They decreased the amplitude of the superimposed PV anomaly ''by a factor of five from the nominal case and still obtained a weak wave-induced sign change of the azimuthal radial PV gradient at upper levels.'' In the experiments here, by contrast, the amplitude of the PV disturbance at upper levels is decreased by a factor of six (to 10% of the PV at the RMW). Due to the weakness of the initial anomaly, the basic-state PV gradient does not change sign and no neutral or unstable mode is observed. Consequently, rather than forming a tripole, the smaller amplitude negative PV anomaly gets symmetrized.
The symmetrizing PV anomaly induces changes in the primary circulation analogous to those in the barotropic experiments (cf. footnote 5). Both experiments with the initially barotropic and baroclinic vortices exhibit very similar changes in the primary circulation, but only the ones for the baroclinic vortex will be presented. The acceleration of the circulation near the center of the anomaly can be readily explained by wave activity ideas (see ME and section 3b of MM). Consistent with the outward propagation of the PV asymmetries the changes of the basic-state vortex move more or less outward in time depending on the strength of the PV anomaly. The changes of the tangential velocities ⌬ at upper and lower levels after 24 h are shown in Fig. 10a for the weaker anomaly (10%). The maximum VOLUME 57 Fig. 6 but at the top of the domain (z ϭ 10 km).
of ⌬ for the top (dashed line) and bottom (solid line) are displaced only ϳ20 km from each other. For the stronger anomaly (60%) after 24 h (Fig. 10b ) the maximum of ⌬ is displaced 80 km outward at upper levels (dashed line) from the lower level (solid line) as the upper PV anomaly moves radially more outward than in the weak anomaly case (cf. Figs. 9b and 7b) . The strength of the PV anomalies in these relaxation experiments influences not only the strength of the basicstate change but also the location of the mean flow Fig. 6 but initial amplitude equals 60% of q at the RMW.
response. The weaker the anomaly the more the basicstate change occurs where the PV disturbance is initially superimposed. When the PV disturbance is relatively strong the basic-state change occurs farther outside the location of the initial disturbance, which influences the structure and intensity of the basic-state vortex. This is in contrast to a wavenumber 1 PV asymmetry initialization, as described in detail in ME, where the stronger the anomaly the closer the mean flow response is to the center of the vortex. Fig. 9 . As in Fig. 7 but initial amplitude equals 60% of q at the RMW.
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b. Induced secondary circulation
In addition to the change of the mean primary circulation, the disturbance induces a mean secondary circulation that generally tends to counteract the changes in the primary one. In the relaxation experiments presented here the mean secondary circulation is strongest between 6 and 12 h and then decreases rapidly. As the baroclinic structure of the disturbance complicates the nature of this circulation, a simple monochromatic wavenumber-2 PV initialization will be presented first. A monochromatic wavenumber-2 anomaly is superimposed on an initially barotropic vortex as shown in Fig.  11a at upper levels and rotated by 90Њ relative to the lower one (Fig. 11b) ; with an amplitude 20% of the PV at the RMW, the induced mean secondary circulation at 6 h is shown schematically in Fig. 11c . By this time the anomaly is axisymmetrized and the change of the basic state has reached its maximum. For this simple case the changes in the mean primary circulation are the strongest (⌬ ϳ 0.1 m s Ϫ1 , Fig. 11d ) at upper (level 4 and 5) and lower levels (level 0 and 1), and are weakest in the middle. At upper and lower levels the mean secondary circulation counteracts the acceleration in the primary one by mean radial outflow that tends to decelerate the mean primary circulation (⌬u ϳ 0.002 m s Ϫ1 ) inside the the radius of 100 km, and by mean radial inflow that tends to acccelerate the mean primary circulation outside the radius of 100 km. In the middle of the vortex the mean radial flow is reversed due to continuity. The mean vertical velocity is strongest at the upper and lower levels, and is antisymmetric about the middle (⌬w ϳ 0.01 cm s Ϫ1 ). The structure of the mean secondary circulation for superimposed double-cluster PV anomalies will be presented next for the experiments with the initially barotropic and baroclinic vortices with the stronger PV anomaly initialization (60%). The results are shown 6h after imposing the PV anomalies, when the circulation reaches its strongest amplitude. In these experiments the upper-level anomaly is not simply a rotation of the lower one as described in the previous paragraph. The PV anomaly is positive at lower levels and negative at upper levels.
For the initially barotropic vortex, the acceleration of the mean primary circulation at lower levels occurs closer to the center of the vortex than that at upper levels. Therefore the mean secondary circulation (Fig. 12a) is spinning down (radial outflow ⌬u ϳ 0.014 m s Ϫ1 ) the primary one inside the RMW at lower levels, where the mean primary circulation accelerates (⌬ ϳ 0.24 m s Ϫ1 ), and at upper levels the radial inflow (⌬u ϳ Ϫ0.008 m s Ϫ1 ) is spinning up the circulation inside the RMW where the mean primary circulation decelerates (⌬ ϳ Ϫ0.20 m s Ϫ1 ). The vertical velocity inside the RMW is downward (⌬w ϳ Ϫ0.03 cm s Ϫ1 ) at all levels and outside the RMW is upward (⌬w ϳ 0.015 cm s Ϫ1 ). The ascending motion of the vortex is tilted inward, which is unlike that of a real tropical storm. Outside the RMW the radial flow at upper and lower levels also counteracts the changes in the mean primary circulation.
For the baroclinic vortex, the change of the basicstate vortex and mean secondary circulation (Fig. 12b ) are similar to those for the initially barotropic vortex. In this case at lower levels the radial outflow, ⌬u ϳ 0.03 m s Ϫ1 , opposes the corresponding acceleration of ⌬ ϳ 0.4 m s Ϫ1 ; the radial inflow at upper levels, ⌬u ϳ Ϫ0.04 m s Ϫ1 , opposes the corresponding deceleration of ⌬ ϳ Ϫ0.17 m s Ϫ1 . Again the vertical velocity inside the RMW is downward (⌬w ϳ Ϫ0.02 cm s Ϫ1 ) at all levels and outside the RMW is upward (⌬w ϳ 0.015 cm s Ϫ1 ), but the rising and sinking motion now has an outward tilt at lower levels, which seems to be more like that of a real tropical storm.
The asymmetric vertical velocity, wЈ, which is strongest initially and then decays, is much stronger than the mean secondary circulation. For the initially barotropic vortex at lower levels, the maximum wЈ ϳ 1.4 cm s Ϫ1 initially and wЈ ϳ 0.6 cm s Ϫ1 after 6 h (Fig. 12c) ; for the initially baroclinic vortex at lower levels, the maximum wЈ ϳ 2.5 cm s Ϫ1 initially and wЈ ϳ 1.0 cm s Ϫ1 after 6 h (Fig. 12d) . This vertical motion could, in principle, feed back to convection, providing a self-sustaining intensification of a storm without further external forcing. The coupling of these waves to the boundary layer via Ekman pumping is an important topic left for future work. 
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M Ö L L E R A N D M O N T G O M E R Y c. A-gradient winds
It should be noted that associated with the mean secondary circulation during the symmetrization process there is also an a-gradient balanced component to the azimuthally averaged tangential wind, as defined below. Previous work disagrees as to whether there is a gradient imbalance in the eyewall (Gray 1991) or whether gradient balance is a good approximation to the azimuthally averaged tangential velocity above the boundary layer (Willoughby 1991) As an example Fig. 13 shows the change of the tangential wind ⌬ and the corresponding balanced component of the a-gradient wind after 6 h for the top Ј a and bottom of the domain for the experiment with the initially barotropic vortex and the superimposed doublecluster PV anomaly (60% of the PV at the RMW). In a general way the a-gradient wind component opposes the acceleration and deceleration of the basic-state vortex, except outside r ϭ 100 km at the bottom.
Tropical cyclone development via convective pulsing of PV anomalies
In order to obtain a better understanding of the threedimensional vortex dynamics at large Rossby number, we follow ME and simulate the ongoing process of convection by adding PV anomalies to the PV fields (pulsing). Our basic-state vortex is the barotropic tropical storm as in the previous section. Again a double-cluster PV anomaly is superimposed on the basic-state vortex, where the upper-level PV anomaly is negative and the lower-level one is positive. In general, the nature of balanced models is such that it is only possible to find a solution to the balance system if the total PV stays positive (e.g., Davis 1992) . In order to fulfill this basic rule of balance systems we have to decrease the negative PV anomaly at upper levels relative to the lower one. Otherwise, the total PV at upper levels typically becomes negative before the lower-level PV anomalies spin up the vortex sufficiently. We are aware that now there is a net PV source, formally violating the integral conservation principle of PV (Hoskins et al. 1985; Haynes and McIntyre 1987, 1990 ). An alternative method would be to ''clip'' the PV, filling in small positive values wherever the total PV becomes negative (Davis 1992) , but this also formally violates the conservation principle. Either method is a compromise dictated by the constraints of keeping the balance model well posed with an elliptic inversion operator.
For the basic experiment, pulses are imposed every hour, which is less than the tropical storm's 8-h eddy turnover time, but comparable to the storm's local shear time, (r‫ץ‬⍀/‫ץ‬r) Ϫ1 , which is ϳ2-3 h at the initial vortex's RMW. Experiments with much less frequent pulsing, as suggested by ME, needed longer computing time, but were found not to qualitatively change the final results.
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The double-cluster PV anomaly is rotated by 90Њ every 2 h. Consistent with the discussion in ME's section 5b, the results are essentially unchanged from those when the orientation of the PV anomaly is not altered. Experiments are performed with PV anomalies of different sizes and radial locations. Here the form of the doublecluster PV anomaly is that specified in section 4, where the radial e-folding width ranges between 45 km (␤ ϭ 40, ''narrow'') and 130 km (␤ ϭ 5, ''broad''), and the location of the PV anomaly maximum ranges from 80-km radius [(x c , y c ) ϭ (0.38, 0.38)r max ; Fig. 14a ], which is inside the RMW of 145 km, to 180-km radius [(x c , y c ) ϭ (0.88, 0.88)r max ; not shown]. Figure 14b shows a radius-height distribution of the initially narrow PV inside the RMW. The size of the narrow PV anomaly is in the mesoscale regime, even for a hurricane (cf. section 3 of Ooyama 1982) . Depending on the location and shape of the anomaly, the hourly increase of the maximum tangential wind ( max ) varies between 0.6 and 1.5 m s Ϫ1 . The relative strength of the upper and lower PV anomalies are restricted by the considerations given in the first paragraph of this section. The weaker the negative anomaly at upper levels the more the storm intensifies before the total PV becomes negative. In the results presented here the amplitude of the PV asymmetry at lower levels is 150% of the initial basic state PV at the RMW (ϳ60% of the maximum PV), and 23% at upper levels. The low-level PV asymmetry is found to correspond to a temperature anomaly ϳ15 Kh Ϫ1 (see section 2 of ME), which is consistent with the range of heating rates for mesoscale convective systems found by Mapes and Houze (1995) . So as not to complicate the issues related to negative PV mentioned above, the VOLUME 57
12. Secondary (radial and vertical) circulation for the tropical storm vortex shown schematically by arrows after 6 h for the doublecluster experiment with initial amplitude equal to 60% of q at the amplitude of the anomaly is kept constant and is not adjusted to the evolving basic-state PV.
The intensification of the tropical storm is, as expected, weaker at upper levels than at lower levels. For the narrow PV anomaly the intensification is stronger when the PV anomaly is placed inside the RMW. When the PV anomaly is placed inside the RMW, after 48 h the vortex intensifies to max ϭ 37.9 m s Ϫ1 at the bottom of the domain, and contracts, with the RMW moving radially inward from 145 to 105 km (Fig. 15) . This radial contraction is primarily due to inward cyclonic vorticity fluxes associated with vortex Rossby waves (see MK's section 2h, as well as ME and MM for confirmation). Hoskins et al. (1985) illustrated, in their Fig. 15 , how a positive PV anomaly induces a cyclonic circulation that is associated with a warm core aloft due to the lowering of the isentropes. These features can be also seen in Figs. 16a and 16b where the tangential wind,
, and the change of the basic-state potential temperature, ⌬, after 48 h for the narrow PV anomaly inside the RMW are shown. The strengthening of a warm core with a temperature increase of 6.6ЊC is seen. In Fig. 16c the radial-height distribution of the basic-state PV, q, and Fig. 16d the basic-state PV, q, at the bottom of the domain initially and after 48 h are shown. The development of the basic-state tangential velocity and PV in Figs. 16a and 16c are similar to those in the balanced formulation of Schubert and Alworth (1987) and Möller and Smith (1994) . The resulting PV distribution has a local maximum near the RMW and is thus potentially unstable (Montgomery and Shapiro 1995) . It would be possible to increase the intensification by decreasing the relative amplitude of the negative upper-level PV anomaly. In an experiment where we pulsed the storm only with a positive PV anomaly at lower levels (not shown) max Ն 60 m s Ϫ1 already after 36 h. When the narrow PV anomaly was at the RMW, the intensification reached only max ϭ 32.4 m s Ϫ1 at the bottom of the domain after 48 h. In this case the vortex broadened and the RMW moved outward to 185 km radius (Fig. 15) . This is consistent with the findings of ME regarding the dependence of the spin up on the radial location of the initial asymmetry. In the genesis case, as well as for an intensifying tropical storm, convection typically does not occur at the center of the vortex, confirming the importance of asymmetric processes for the spinup of a vortex.
With the broad PV anomaly the intensification is stronger than with the narrow PV anomaly, whether the anomaly is placed inside or outside the RMW (not shown). The reason for this is simply that for the broader anomaly more total cyclonic PV is added to the lower troposphere. In order to obtain an hourly increase of 1.2 m s Ϫ1 , the amplitude is a third of the amplitude of the narrow PV anomaly at lower levels (50% of the maximum PV at the RMW). When the broad anomaly is located initially at a radius of 80 km the hurricane-like vortex reaches max ϭ 45.7 m s Ϫ1 after 48 h. Table 1 summarizes the results of the pulsing experiments.
Conclusions
In this study we have examined vortex intensification and structure change via wave-mean flow and wavewave interaction of vortex Rossby waves during the axisymmetrization process of asymmetric potential vorticity (PV) disturbances on an initially circular vortex in gradient balance. For finite amplitude relaxation and pulsing experiments analogous to those presented, 7 similar results are obtained when all wave-wave interactions are omitted (not shown). Thus, although the physics of vortex axisymmetrization and vortex merger is generally nonlinear, linear wave theory and wave-mean flow interaction capture a surprisingly substantial part VOLUME 57 
where rms is a characteristic root-mean-square (rms) eddy velocity amplitude for eddy scale L. When R ␤ k 1 the dynamics are dominated by nonlinear (wave-wave and wave-mean flow) processes, whereas if R ␤ K 1 the dynamics is dominated by purely linear vortex Rossby wave processes. The horizontal scale of the eddies is also important and in general one expects convection to excite a spectrum of eddy scales and corresponding eddy amplitudes. For the mesoscale PV disturbances considered here, however, R ␤ is found to be of order unity or less, so the intermediate wave-mean flow approximation is expected and verified to capture the bulk of the wave-vortex interaction.
We have found that the azimuthal scale of the initial superimposed PV anomalies affects the strength of the vertical coupling. Simple relaxation experiments with monochromatic azimuthal wavenumber disturbances (section 3) show the vertical propagation of vortex Ross- In our experiments where double-cluster PV anomalies are superimposed (section 4), the lower-level cyclonic PV anomaly intensifies the vortex while symmetrizing for a wide range of anomaly amplitudes. The above discussion concerning beta Rossby numbers being order unity or less is particularly relevant as it suggests that all such disturbances, in a baroclinically stable vortex, will be axisymmetrized by the parent vortex thereby giving up their cyclonic eddy momentum (and vorticity) to the mean vortex. The numerical simulations are consistent with this view. But depending on the strength of the cluster, the upper-level anticyclonic PV anomaly does not symmetrize and is expelled outward (stronger anomaly) due to the reversal of the PV gradient, or is symmetrized (weaker anomaly) similar to the lower-level positive PV anomaly, as in ME.
As noted in the last paragraph of MK, the gravityinertia component of the response will yield a comparatively weaker wave-mean flow interaction than vortex Rossby waves. Since gravity-inertia waves are filtered out of the balanced model we were able to focus on the vortex Rossby waves dynamics as the fundamental process for vortex development and hurricane intensification by asymmetric forcing.
By contrast to our results, Chimonas and Hauser (1997) found that propagating internal gravity waves might weaken a tornado-like vortex by radiating away the vortex's angular momentum. Chimonas and Hauser (1997) suggest that near-neutral static stability throughout the vortex region is an important component for vortex intensification. However, this is not an appropriate parameterization for hurricanes.
We believe the ideas presented here offer new insight into the dynamics of the interaction between a tropical cyclone and nearby asymmetries, including those associated with upper-level troughs, and their effect on hurricane structure and intensity. While vertical shear is generally considered to have a negative effect on the vortex, that is, weakening, what makes a ''good'' versus a ''bad'' trough is not yet well established. Molinari et al. (1995 Molinari et al. ( , 1998 suggested that trough interactions induce a secondary circulation that can intensify a hurricane. If this secondary circulation is of sufficient vertical extent it will help initiate a convective response. In our experiments we were able to produce a vertical velocity of ϳ1-2 cm s Ϫ1 even with weak PV anomalies. These velocities are of sufficient magnitude to create a self-sustaining process, which could be related to the convective cycles associated with convective bursts, lightning, and intensification (Black et al. 1986; Black and Marks 1987; Lyons et al. 1989; Molinari et al. 1999) . We have further established that the strength of the convective response, which we model as an upperlevel negative and a lower-level positive PV anomaly, affects not only the strength but also the character of the interaction. In particular, for a strong anomaly the upper-level negative PV anomaly forms a tripole while it is expelled outward, as in the cyclogenesis experiment of ME. The outward moving anomaly induces an acceleration of the symmetric vortex that is radially outward of that at lower levels. For a weak anomaly, by contrast, the missing change of sign in the basic-state radial PV gradient does not support a neutral or weakly unstable mode and the PV anomaly does not form a tripole. The impact of the resulting change in the upperlevel static and inertial stability of the vortex in a subsequent intensification requires further study.
The results of our study also have implications for the process of eyewall replacement cycles in hurricanes . For PV anomalies generated sufficiently outside the vortex's RMW the subsequent wave-mean flow and wave-wave interactions act primarily to intensify the outer tangential winds rather than the eyewall tangential winds. The induced secondary circulation always tries to oppose the change in the primary circulation (section 4b). In this case the forced secondary circulation is such as to cause subsidence over or near the RMW (see Figs. 11 and 12) , which thereby tends to weaken the primary eyewall. For the current experiments there is very little mean radial advection, so there is no substantial inward propagation of the outer wind maximum. Nevertheless, with a frictional boundary layer formulation coupled to convection we would expect inward propagation to occur. This process is directly analogous to the symmetric mechanism elucidated by Shapiro and Willoughby (1982) , but now with the vortex Rossby waves playing a central role in the developmental process.
When we simulate the ongoing process of convection by adding double-cluster PV anomalies to the PV fields (pulsing, section 5), the tropical storm intensifies depending on the location and extent of the anomaly. Our experiments show that we are able to intensify a tropical storm into a hurricane-like vortex, which generalizes the small Rossby number results of ME to large Rossby 8 tangential velocity profiles in Fig. 15 in the final state are consistent with the local PV maximum near the RMW, which tends to lead to barotropic (baroclinic) instability. Schubert et al. (1999) show how unstable modes would tend to mix the high PV into the center of the vortex. The limit of intensification for a given ratio between the strength of the upper-level negative PV anomaly and the positive lowerlevel one depends on scale and location. The closer the PV anomaly is to the center the more the storm is able to contract and the more realistic are our results. These results confirm that there exists an alternative means of intensification to the symmetric mode (Ooyama 1969 ): a tropical storm can intensify to hurricane strength by asymmetric processes. by the U.S. Office of Naval Research Grant N00014-93-1-0456 and Colorado State University. The first author would like to thank Dr. Lloyd Shapiro for many helpful discussions during the course of this work.
APPENDIX
Numerical Details
The perturbation velocity components are calculated in the nonlinear form as follows. where N r , N , and N are evaluated using the pseudomomenta and the linear version of wЈ as discussed in VOLUME 57 J O U R N A L O F T H E A T M O S P H E R I C S C I E N C E S use 1200 radial grid points and employ explicit diffusion of Ј so as to remove finescale PV associated with the potential enstrophy cascade. The explicit form of the diffusion term added to the right-hand side of the tendency equation is proportional to ٌ 2 (ٌ 2 Ј), which has the desirable property of ensuring that the contribution to the area-averaged perturbation energy is negative definite. The effective second-order diffusivity is 233 m 2 s Ϫ1 , and the impact of diffusion on local and global PV and global energy conservation is found to be negligible for the duration of all integrations presented. Relaxation experiments with the barotropic vortex where the diffusion was set to zero produce essentially the same results.
